Rationale. DNA damage and chromosomal alterations in peripheral lymphocytes parallels DNA mutations in tumor tissues. Objective. The aim of our study was to predict the presence of neoplastic colorectal lesions by specific biomarkers in "medium risk" individuals (age 50 to 75, with no personal or family of any colorectal neoplasia). Methods and Results. We designed a prospective cohort observational study including patients undergoing diagnostic or opportunistic screening colonoscopy. Specific biomarkers were analyzed for each patient in peripheral lymphocytes -presence of micronuclei (MN), nucleoplasmic bridges (NPB) and the Nuclear Division Index (NDI) by the cytokinesis-blocked micronucleus assay (CBMN). Of 98 patients included, 57 were "medium risk" individuals. MN frequency and NPB presence were not significantly different in patients with neoplastic lesions compared to controls. In "medium risk" individuals, mean NDI was significantly lower for patients with any neoplastic lesions (adenomas and adenocarcinomas, AUROC 0.668, p 00.5), for patients with advanced neoplasia (advanced adenoma and adenocarcinoma, AUROC 0.636 p 0.029) as well as for patients with adenocarcinoma (AUROC 0.650, p 0.048), for each comparison with the rest of the population. For a cut-off of 1.8, in "medium risk" individuals, an NDI inferior to that value may predict any neoplastic lesion with a sensitivity of 97.7%, an advanced neoplastic lesion with a sensitivity of 97% and adenocarcinoma with a sensitivity of 94.4%. Discussion. NDI score may have a role as a colorectal cancer-screening test in "medium risk" individuals.
Introduction
Colorectal cancer (CRC) is a major public health issue [1] [2] [3] . Based on demographic trends and on incidence and mortality rates, predictive models estimate by 2030 an alarming increase of CRC incidence and mortality up to 80% and 50% respectively [1] .
CRC is the most common newly diagnosed cancer and the second most common cause of cancer related death in Europe [4] . Romania has one of the highest CRC incidence rate in Europe -43.9/ 100000 cases in women and 88.6/ 100000 in men, with a mortality rate of 20.2/ 100000 in women and 46.9/ 100000 in men. These figures have increased twofold in the last 20 years [4] .
75% of CRC cases are sporadic and more than 90% of CRC arise in individuals over the age of 50. The 5-year survival rate is of 90% if CRC is diagnosed when localized to the bowel wall, no more than 68% if regional lymph node metastases are present and only 10% if there are distant metastases [5] . Symptoms usually appear in locally advanced or metastatic stages of the disease, mostly lower gastrointestinal bleeding, iron deficiency anemia, changes in bowel habit, abdominal pain and weight loss.
One way of improving these numbers is to detect and treat the disease in its asymptomatic premalignant stages by screening individuals at risk. A simple, highly sensitive "screening test" is used to select individuals from a population at risk and cases with positive tests will be subsequently checked with a "confirmation test". CRC is particularly suitable for this as it complies with a set of "screening principles" defined in 1968 by the World Health Organization (WHO) [6] . It has a high prevalence, it arises from precursor lesions (adenomas) according to a long adenoma-carcinoma sequence and, most importantly, curative excision of adenomas in this interval prevents CRC development [7] .
Screening is recommended for asymptomatic individuals aged between 50 and 75, without personal or family history of adenoma or adenocarcinoma ("the medium risk group"). Screening of these individuals reduces CRC incidence and mortality by detecting and removing significant adenomas and detecting cancers in early curable stages [7] [8] [9] [10] [11] [12] . Currently, only 12 EU member states have implemented population-based CRC screening programs as recommended in 2003 by the European Council [13, 14] . Romania has not such a program yet.
Currently used CRC "screening tests" are: fecal occult blood testing (FOBT) in France or flexible sigmoidoscopy in United Kingdom [15, 16] , with colonoscopy as "confirmation test". There is no "gold standard", as colonoscopy may have false negative results. Colonoscopy maybe be directly used as "screening and confirmatory test" and this approach is increasingly preferred in Europe (Poland or Germany) and United States [17] [18] [19] . Screening colonoscopy has decreased CRC incidence and mortality by 65% as compared to non-screened population [20] . However, it is expensive and carries certain risks such as post polypectomy hemorrhages or perforations (more frequently in elders or in associated diverticular disease) as well as sedation related complications.
Can we have better screening tests than the actual ones? We know that DNA damage and chromosomal alterations in peripheral lymphocytes parallels with DNA mutations in tumor tissues [21] . Our previous work pointed out the role of certain cytogenetic biomarkers in predicting neoplastic colorectal lesions [22, 23] . We quantified the peripheral lymphocytes DNA damage by the cytokinesis-blocked micronucleus assay (CBMN) method. Through this technique, three specific biomarkers in peripheral lymphocytes were assessedthe presence of micronuclei (MN), of nucleoplasmic bridges (NPB) and the nuclear division index (NDI). We proved that these cytogenetic markers have a certain predictive value for CRC adenoma and adenocarcinoma presence and maybe candidates for "screening tests".
NPB presence is a direct proof of genome alteration by DNA repairing defects or telomere fusion. We have proved that, in general population, NPB were significantly less frequent in patients with advanced adenomas or CRC when compared with patients with normal colonoscopy, hyperplastic polyps or non-advanced adenomas [22] .
NDI is a marker of cell proliferation in cultures and is considered a measure of general toxicity. Cells with greater chromosomal damage will either die before cell division or may be less able to enter in this phase [24] [25] [26] [27] . Therefore, more a cell will accumulate genetic alterations, less it will be able to divide and NDI will be lower. We have proved that, in the general population, mean NDI was significantly lower in patients with neoplastic lesions (CRC and adenomas) than in patients with normal colonoscopy [23] .
The aim of our study was to assess the MN, NPB and NBI predictive role of neoplastic colorectal lesions in "medium risk group" individuals.
Materials and Methods
Based on our previous experience [23] , since 2011, we have designed a prospective cohort observational study of patients who have undergone colonoscopies and cytogenetic testing.
Cytogenetic testing was proposed in our department to all consecutive patients with CRC neoplastic lesions (hyperplastic polyps, adenomas, adenocarcinomas) or with normal colonoscopy in a 1:1 ratio. The indications of colonoscopy were both for "diagnostic purposes" in symptomatic patients or for "opportunistic screening" for asymptomatic patients. Patients had to be above 18 and signed an inform consent.
We excluded patients with personal history of familial adenomatous polyposis (FAP) or hereditary nonpolypoid colorectal cancer (HNPCC), patients with inflammatory bowel diseases (IBD) or other acute or chronic colitis, history of malignancy or radiation exposure.
We performed a subgroup analysis of our prospective database by selecting and analyzing patients belonging to the "medium risk group" (age between 50 and 75, without personal or family history of adenoma or adenocarcinoma). The local ethical committee approved the study protocol.
When 2 or more lesions were synchronously present, the more advanced neoplastic lesion was retained as the "outcome of colonoscopy". Adenomas were classified according to WHO criteria: tubular, villous and tubular-villous [28] . Dysplasia was graded by Vienna classification [29] . Advanced adenomas have ≥10 mm size, high-grade dysplasia or have a minimum 25% of villous component [30] .
We obtained a blood sample form each patient to be analyzed by the CBMN technique as previously described [23, 24] . We used the definition criteria from Fenech et al. [31] for scoring MN and NPB. NDI was calculated according to Eastmond, Tucker et al. [32] : NDI = (M1 +2M2 +3M3 +4M4)/N, where M1, M2, M3 and M4 indicate the number of cells with one, two, three and four nuclei and N the total number of cells analyzed (N = 500).
For statistical analysis, we used the SPSS 16.0 software. Quantitative variables were expressed as means and ranges. Categorical variables were presented as so and as percentages. Predictive ROC curves for dichotomous outcome categorical variables were constructed for measured quantitative variables. Sensitivities and specificities were explored for different cut-off values on the ROC curve. A p value of less than 0.05 was considered statistically significant.
Results
From a database population of 98 patients, we selected 57 at "medium risk" for CRC. Demographic characteristics of patients and colonoscopy findings are summarized in Table 1 . The percentage of normal colonoscopies in the "medium risk group" was 38.6%. As the inclusion ratio of abnormal to normal colonoscopy was 1:1, the percentage of normal colonoscopies in all patients was close to 50%.
MN and NPB frequencies were not significantly different in patients with neoplastic lesions versus patients with normal colonoscopy, both in the "medium risk group" and in the whole group.
Mean NDI was significantly lower for patients with any neoplastic lesions (adenomas and adenocarcinomas), for patients with advanced neoplasia (advanced adenoma and adenocarcinoma) as well as for patients with adenocarcinoma, for each comparison with the rest of the population. The findings were for the "medium risk group" as well as for the whole group ( Table  2 and Fig. 1-3) . (Fig. 2) AUROC = 0.636 P = 0.029 NDI < cut-off 1.8 sensitivity = 95.8% specificity = 12.5% NDI < cut-off 1.8 sensitivity = 97% specificity = 17.2% Adenocarcinoma AUROC = 0.672 P = 0.049 (Fig. 3) AUROC = 0.650 P = 0.048 NDI < cut-off 1.8 sensitivity = 93.3% specificity = 9.5%
NDI < cut-off 1.8 sensitivity = 94.4% specificity = 13.8% 
Discussion
The CBMN technique is one method of assessing chromosomal alterations induced by occupational or environmental factors [33] [34] [35] [36] . CBMN allows the identification of specific predictive biomarkers of different neoplasias [37] [38] [39] [40] [41] [42] . It may reflect changes in mitotic division, apoptosis, necrosis, chromosomal loss or deletions. Frequency of mononuclear cells in cultures provides valuable information about the level of chromosomal or genomic mutations that accumulate in vivo [31, 43, 44] .
We excluded individuals with prior exposure to ionized radiation (accidentally exposed or for medical and occupational reasons) and with history of neoplasia, as these are confounding factors in studies addressing changes in neoplastic disease [21, [45] [46] [47] [48] [49] [50] . Although some published studies showed a gender and age influence of MN frequency and NDI [51-53], we did not correct results for age and sex as recent studies did not confirm such hypothesis [54, 55] .
MN frequency was not predictive of significant colorectal neoplastic lesions. This is consistent with what we have previously reported, in a smaller group of patients [22, 23] El-Zein et al. [46] proposed NDI as a screening marker for lung cancer in smokers. We previously pointed out that NDI is significantly lower in peripheral lymphocytes of patients with any neoplastic epithelial colorectal lesions than in individuals without such lesions [22, 23] . Here, in a larger group of patients, we proved that this statement was still valid for individuals at medium risk for CRC. In patients with neoplastic colorectal lesions, circulating lymphocytes express DNA damages that prevent survival during cellular cycle division. A smaller number of cells are able to complete cellular division in lymphocytic culture in patients with colorectal neoplasia, than in control patients, with similar environmental and occupational risk factors. One explanation is that cells will die before finishing the first division, or will suffer a mitotic delay which, by not allowing the repair of genotoxic lesions, will modify the number of cells entering the mitosis and the proportion of mono/bi-/tri-/ and tetranucleated cells. Another explanation is a clastogenic effect of mutagens with an aneugenic action, inducing a blockade of the cell cycle, with less dividing cells and consequently low NDI.
Although molecular biology techniques may test a large panel of DNA, RNA and proteomic molecules, up to now it did not identify reliable biomarkers for CRC screening [58] . Also, their costs are significantly higher than cytogenetic techniques. Instead, CBMN can be widely used screening protocols for the detection of cytological alterations in individuals at risk for cancer. A value of NDI of less than 1.8 has high sensitivity for any colorectal neoplasia detection and may be used as a CRC screening test in "medium risk" individuals. Future development of automatic laser scanning CBMN will hopefully improve the technique speed, costs and accuracy [59] [60] [61] .
One of the limitations of this paper is that data is based on a subgroup analysis of our patients' database. However, data was prospectively collected and, as an internal validation checkpoint, it was consistent with our previous finding and over the entire group of patients. Another limitation is that we did not record the colonoscopy indication, diagnostic or opportunistic screening. This may as well be regarded as an advantage as it may be used for both diagnostic and screening purposes. 
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